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INTRODUCTION

Combustion efficiency of aluminized propellants in solid rocket
motors 1s reduced by incomplete aluminum combustion and two-phase nozzle
flow losses. The combustion of aluminized propellants can produce large

Al/Al agglomerates. The agglomerate dynamics within the combustion

2%3
chamber and nozzle have a significant influence on the overall combustion
efficiency of the motor. Agglomerates are subjected to large aerodynamic
loads within the rocket nozzle where the gas phase experiences a more rapid
acceleration than the agglomerates. The drag load deforms the agglomerates
and if of sufficient magnitude can result in breakup. The smaller fragments
have faster velocity and thermal equilibrium times and have higher combustion
rates. For maximum combustion efficiency the aluminum fragments must
completeiy oxidize, achieve the exhaust gas velocity, and transfer their
thermal energy to the gas phase. As a direct result of agglomerate breakup,
the aluminum combustion rate is increased, and the thermal energy released
is efficiently transferred into exhaust kinetic energy.

Photographic observations obtained in windowed rocket motors
and combustion bombs indicate relatively large agglomerates (100um -
500um) are formed on the propellant surface and entrained in the combustion
flow; however, particle size measurements obtained from sampling the exhaust
plumes indicate small mean particle diameters (10um). These small
exhaust plume particles appear to result from the breakup of the larger
agglomerates during the nozzle expansion process. Observations of agglomerate
breakup in a laboratory scale rocket nozzle revealed an adequate correlation

with Weber number; however, neither the physical process of breakup nor the

fragment size distribution was resolved.
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This research has the objective of obtaining physical data to
characterize the mechanisms of aerodynamic droplet breakup. The first
of a multiphase experiment has been completed in which conventional
liquids (water, alcohol, glycerine, etc.) were studied. The primary
goal of this initial phase was to examine the effect of liquid properties
(viscosity and surface tension) on the breakup mechaniem, time scale, and
fragment size distribution. The future plans propose to investigate
droplets formed from low melting point metals-—aluminum and aluminum/aluminum
oxide agglomerates.

A key element of the experimental effort is the use of pulsed laser
holography to resolve the breakup of liquid droplets and agglomerates in
simulated rocket nozzle flows. High resolution, large depth-of-field, a
coherent light source, and short exposure times (characteristic of high
energy pulsed laser holography) provide an opportunity to observe particle

breakup mechanisms with a degree of detail not previously possible.




RESEARCH STATUS

Aerodynamic droplet breakup is characterized by the magnitude and
duration of the aerodynamic forces. For nozzle contractions, the droplets
are loaded as a result of the higher gas phase acceleration. The droplets
respond to the aerodynamic forces by deforming and accelerating. The
initial acceleration scales with the initial diameter; however, as the
pressure forces flatten the droplet, increasing its cross-sectional area,
the drag load increases rapidly. This sequence of events can, of course,
lead to catastrophic deformation and droplet breakup if the slip velocity
is of sufficient magnitude and duration.

The liquid surface tension is used to scale the aerodynamic load
forming the Weber number;
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The duration of the aerodynamic loading can be scaled by the natural period

for hydrodynamic oscillation,
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For nozzle accelerations, an additional time scale exists; namely the time
requirea for velocity equilibrium, ¢§. Assuming the droplet Reynclds number

relative to the gas phase is sufficienty high (i.e., Re > 103), the
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drag coefficient for rigid droplets is approximately unity and the corres-

¢
ponding time scale is J
11:_01_31_ [ E

v pAv

However, since the droplets are not rigid but elastic, the droplet cross
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section and the associated drag load increase rapidly within the nozzle
contraction. Therefore, the time scale for liquid droplet velocity equi~
1librium is no doubt faster than the rigid droplet estimate.

An experiment was designed in which droplet deformations could be 3

investigated in a nozzle contraction. The nozzle was designed to allow

PV

droplet injection upstream of the contraction. Windows formed the sides
of the two-dimensional nozzle allowing observation of the droplet inter-

action. The gas is delivered from a settling chamber through a sintered

e AN

metal throttle to the nozzle plenum where the droplets are injected. The

PRy

nozzle contraction ratio is eight as the initial 12 mm x 100 mm cross section
reduces to 12 mm x 12 mm at the nozzle exit. At maximum compressor capacity,
the nozzle exit velocity and flowrate are 180 m/s and 20 gm/sec, respectively. 1

Piezoelectric droplet generators were constructed to produce highly L

monodisperse droplet streams. Droplet diameters were varied from 50 um to

to 1200 ym for water, glycerine/water mixtures, alcohol, and freon liquids.
The droplet generation frequency varied from 100 Hz for large diameters to
104 Hz for small diameters. The basic design was that of modern ink jet
printers. The complete droplet generator is cowmposed of a liquid supply
tank, electrical driver, and the ink-jet devices (Figure 1). The ink jets
were assembled into an encasing tube which was mounted in the nozzle
facility (Figure 2). For the experiments, the droplets were injected at a

velocity of about 1 m/s.
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LIQUID SUPPLY TUBE —»

PIEZOELECTRIC TUBE — 4
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Periodic radial compression
of the piezoelectric tube
generates an acoustic pulse
in the liquid.

DROP SIZE«~A VOLUME

—

% LIQUID RESERVOIR, SUPPLY
AND FILTERING SYSTEM

PIEZOELECTRIC
DRIVER

I

foJcJo
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\ v

Acoustic pulse amplification

in the converging section

Droplet formation

Orifice diameter, 50-500 Hm

FIGURE 1. Single Element Monodisperse Generator System
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Holographic observation of the droplet interaction within the nozzle
contraction were produced. The holocamera viewing optics were configured
with object-to~hologram image magnifications of one and five. The large
field~of-view optics (¢ = 100 mm diameter, 1lx magnification) were used in
the initial experiments in which the droplet velocities were measured along
the nozzle. Double exposure (Atv1Ous) holography is used to observe droplet
velocity. Smaller field-of-view optics (¢ = 25 mm diameter, 5x magnification)
were used to record high resolution observations of the droplet breakup
process. For this case, external triggering is required to center the
droplet position in the hologram. With premagnification (5x) the holocamera
spatially resolves 4 um in reconstruction. Since the holograms are recorded
in 10-8 seconds, droplets of order 10 um diameter can be resolved at velocities
approaching 103 m/s. For these experiments the droplet velocities were
limited to about 100 m/s.

For each group of experiments, a data set characterizing the conditions
was prepared. The droplet and gas phase velocity profiles within the nozzle
contraction constitute the primary data (Figure 3). The gas velocity in the
nozzle exit is estimated from local measurements of total and static pressures.
The velocity profile is estimated from incompressible flow theory. The drop-
let velocities are determined from double-pulse holography; however, as the
droplets approach breakup, the weaker portions experience higher accelerations
and have higher velocities than the more massive portions. Droplet failure
occurs very soon after the velocity becomes nonuniform. After failure,
velocities were not measured. The slip velocity profile is calculated directly.
This velocity profile is integrated to determine the elapsed time along the

nozzle. With the slip velocity and the elapsed time, the Weber number




8 (sw) INIL IAILYI3Y

b St oL S )

w r ¥ v °

) 7

@ m
2
4
o

dos

3NIL "SA "ON H3gaMm

[o]
“(s/m 00T = XAy ‘un w91 = % ‘Touey3m) uoraeauessiy eieq soymeudg 10Tdoid ‘f FUAOLA

(S3HONI) X ‘NOLLISOd
[4 3 0 1- 2~
] )

(=)

‘ON H3gam

L
o
0

NOILISOd "sA "ON H383IM

(S3HONI) X ‘NOILISOd
[ } 0 b~ 2-
1 J

¥ ¥ L} T

v.
T
o P
>
z
v w
9o o
. 2
8 m
0L g
zL e
vl

NOILISOd "sSA JNLL

-n N N O e el ey ey

(S3HONI) X ‘NOLLISOd
(4 } 0 - ¢-

S/W Q00 =Xew N

| ) 1} o
< 1
a K
o
Lm.m
3
[ ]
”
*o.-
NOILISOd ‘SA ALIDOI3A 131d0HA
wiel p9L=p @
TJONVHLA
P S SPS S S Sy W Sy

1]

o
AT,

Sonael o VD




—

F..
-aas o TN T T

‘L

history is calculated based on the initial droplet diameter. The time 1is
initialized to zero at a point within the nozzle where the Weber number becomes
significant (i.e., We = 10). Hence, a well-defined loading history asso-
ciated the droplet deformation and breakup process observed in the holograms

is defined including peak Weber number and breakup :ime.

Surface Tension Variations

Two liquids, alcohol and water, were selected to examine the effects
of surface tension. Droplet size and nozzle flowrates were regulated to
obtain equivalent peak Weber numbers of 47 and 51, respectively. Examples
of sequential stages of the droplet breakup process are displayed in Figure 4.
The classical bag breakup mode is observed to occur for each liquid, indicating
that the Weber number is an adequate scaling parameter. In addition, the
breakup times for each liquid are about the same (tc Y 3.0).

Initially the droplet flattens under the high pressure exerted on the
stagnation point. As the droplet flattens, its radius of curvature increases
and the stagnation pressure is felt over a larger area. The droplet is
unstable to this form of loading. The center of the droplet is eventually
pushed downstream of the outer edge forming a thin membrane in the shape of
a bag. When the bag bursts, very small fragments are formed; however, consid-
erable mass still remains in the annular ring. The annular ring fails last
producing the largest fragments. Hence failure is observed in two stages;
the initial stage in which deformations of sufficient magnitude are experienced
that the droplet could never recover to its original shape, and the final stage

in which fragmentation occurs.
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FIGURE 4. Surface Tension Effects on Droplet Breakup
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Viscous Effects

A glycerine/water mixture was used to investigate viscous effects.
The mixture was selected to obtain a viscosity 10 times that of water
(Ymixture = 10 ¢p). The significant effect of viscosity is to modify the
rate of deformation in the streamwise and radial directions. Specifically,
the rate of expansion in the streamwise and radial directions are observea
to be about equal; and as a result, the droplets expand radially to about
7 times the original diameter (Figure 5). For the lower viscosity case,
radial expansion is limited to about a factor of four or five.

The mechanism of droplet breakup is not significantly altered, how-
ever, some details are strikingly affected. For the higher viscosity case,
geometric symmetry is maintained thrcughout substantial portions of breakup

event; whereas for the lower viscosity case, the deformation quickly becomes

asymmetric or random.

WEBER Number Effects

The effect of increasing the Weber number range was studied by
increasing both droplet size and nozzle velocity. The factor of two increase
in the peak Weber number does not appear to have changed the breakup mode.
The bag is still observed to expand downstream of the ring (Figure 6).

After the bag has burst, the ring exhibits more random distortion with

increasing Weber number. After fragmentation is complete, the droplet size

distribution is determined. Three size distributions were compiled (Figure 7).

Increased Weber number 1s seen to decrease the size of the droplet fragments.

The mean sizes and the mass weighted mean sized are plotted against Weber

number (Figure 8).
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Summary

N\ .

“A three-phase experimental investigation of the physical character-
ization of liquid droplet behavior within the nozzle contraction‘haié?h;en
described. These processes are inherently dependent. Initial deformations
which result in increased accelerations and decreased slip velocity affect
the droplet condition at the point of fragmentation.

In the initial experiment, conventional liquids haverbeen used to
study the effects of two liquid properties, namely surface tension and
viscosity. Holographic observation of the droplet acceleration, deformation
and fragmentation processes within the nozzle contraction -have been recorded.
Holographic observations revealed the dramatic increase in droplet acceler-
ation caused by the initial deformation. Later observations revealed
classical breakup mechanisms and finally the fragment size distribution was

determined. -

Current and Future Efforts

The major objective of our second year's efforts will be to concen-
trate on the breakup dynamics of higher surface tension liquid metal droplets
which more closely simulate the liquid properties of molten aluminum. Much
of our current technical approach will be utilized including aerodynamic
acceleration, ink jet, droplet generation, and holographic observation. The
nozzle facility will be upgraded to provide the supersonic flow required to
break up the higher surface tension droplets. In addition, droplet velocimetry
will be attempted to accurately characterize the velocities of both the initial
droplets and the resulting fragments along the nozzle. SDL has recently
developed the capability to predict the motion of liquid droplets (including

effects of internal circulation) in a prescribed velocity field. This
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capability has significantly improved our ability to interpret experimental

results and to design the liquid metal droplet experiments.
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